Abstract. Skeletal muscles are the largest tissue in our body and play an important role in maintaining glucose homeostasis. Cultured L6 myotubes and C 2 C 12 myotubes are useful to construct simple glucose uptake assay systems, to screen various phytochemicals that promote glucose uptake, and to clarify their modes of actions. In skeletal muscles, insulin promotes glucose uptake by activating phosphatidylinositol-3 kinase (PI3K) and Akt, leading to increased translocation of glucose transporter 4 (GLUT4) to the plasma membrane. Another GLUT4 translocation promoter is 5 adenosine monophosphate-activated protein kinase (AMPK). In mammalian cells, AMPK activated by an increase in AMP/ATP ratio acts as an energy sensor. AMPK is activated by exercise/contraction in muscle cells and compound such as metformin, this resulting in stimulation of GLUT4 translocation to plasma membrane and hence glucose uptake in skeletal muscles. Thus, studies on novel compounds that activate skeletal muscle glucose uptake and AMPK would be useful for the development of new treatment of insulin resistance and type 2 diabetes (T2D). Here we review the current knowledge of phytochemicals in foods and beverages that promote GLUT4 translocation via AMPK signaling in muscle cells, and their effects on glucose metabolism in mainly T2D model mice. Phytochemicals that have potential to stimulate glucose uptake in muscle cells are suggested to be anti-diabetic.
Introduction
The number of diabetic patients is increasing worldwide due to population growth, aging, urbanization, and increasing physical inactivity and prevalence of obesity [1] . The skeletal muscles which account for the majority (∼75%) of insulin-mediated glucose uptake in the post-prandial state play an important role in maintaining glucose homeostasis [2] . In skeletal muscles, insulin promotes glucose uptake by activating phosphatidylinositol-3 kinase (PI3K) and Akt, leading to increased translocation of glucose trans-porter 4 (GLUT4) to the plasma membrane [2] . Another GLUT4 translocation promoter is 5 adenosine monophosphate-activated protein kinase (AMPK) which is composed of three subunits [3] . In mammalian cells, AMPK activated by an increase in AMP/ATP ratio acts as an energy sensor [3] . AMPK is activated by exercise/contraction [4] and compounds such as metformin [5] , resulting in stimulation of GLUT4 translocation to plasma membrane and hence glucose uptake in skeletal muscles [6] . Thus, studies on novel compounds that activate skeletal muscle glucose uptake and AMPK would be useful for the development of new treatment of insulin resistance and type 2 diabetes (T2D).
We take foods every day to ingest nutrients. Foods also contain non-nutrients such as pigments and condiments, indicating we ingest non-nutrients as well as nutrients at the same time. Recently, some food components have been reported to promote glucose uptake and to regulate glucose metabolism. In this article, relationships between food components and glucose metabolism/diabetes will be reviewed, focusing our attention mainly on skeletal muscle cells, AMPK and GLUT4 translocation.
In vitro assay systems for understanding cellular glucose transport
Leucine, one of the branched-chain amino acids (BCAA), is well known to have insulin-like anabolic effects on protein synthesis [7, 8] and degradation [9] in skeletal muscles and cells. In rat skeletal soleus muscles, Nishitani et al. found that L-leucine promoted uptake of [ 14 C] 2-deoxyglucose, a GLUT4-binding but non-metabolizable analogue of glucose [10] . This assay system is of use to verify effects of food components on glucose uptake, but not necessarily suitable for screening of multi-samples. Thus, we have tried to construct a simple, rapid and low cost assay system for glucose uptake without using radioisotopes by use of a rat skeletal muscle-derived cell line of L6 myoblasts [11] that grow rapidly in culture and differentiate to L6 myotubes (Fig. 1) . In this simple assay system, L-leucine was also found to promote glucose uptake, indicating that this assay system with L6 myotubes is comparable to that with rat soleus muscles [10] . Another cell line established from mouse skeletal muscle is C 2 C 12 myoblasts [12] . Doi et al. reported that L-isoleucine, another BCAA, increased glucose uptake in C 2 C 12 myotubes by measuring glucose consumption and incorporation of [ 3 H] 2-deoxyglucose [13] . Thus, L6 myoblasts and C 2 C 12 myoblasts seem to be useful tools to screen nutrients and non-nutrients that have potential to promote glucose uptake in the skeletal muscles. In addition, these cells are helpful to clarify mechanisms in vitro by which food components promote glucose uptake. Actions of typical foods and their components on glucose metabolism and T2D will be briefly reviewed mainly from the aspects of roles of muscles.
Soy isoflavones and cellular glucose transport
Genistein and daidzein, soybean isoflavones, have been reported to show anti-diabetic effects in the T2D model db/db mice by enhancing glucose and lipid metabolism [14] . Genistein decreased nonfasting blood glucose levels in KK-Ay/Ta Jcl mice, another T2D animal model [15] . It promoted the translocation of GLUT4 to the cell membrane in L6 myotubes. Isolation of plasma membrane GLUT4 from cytoplasmic GLUT4 was conducted by the procedure of Nishiumi and Ashida [16] with slight modifications [15] , using Na + /K + -ATPase as a marker enzyme of plasma membrane. Based on studies using inhibitors of signaling molecules related to glucose uptake, the stimulatory effect of genistein on glucose uptake appeared to be dependent on the PI3K, mammalian target of rapamycin, protein kinase C pathway and AMPK pathway. In addition, O-GlcNAcylation by O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino N-phenyl carbamate, an inhibitor of Nacetylglucosaminidase, reduced the stimulatory effect of genistein on glucose uptake. Taken together, genistein may regulate glucose uptake by increasing the phosphorylation and decreasing the O-GlcNAcylation of proteins related to glucose homeostasis [15] . The translocation of GLUT4 to plasma membrane is often verified by Western blotting analysis (see Fig. 1 ). Minakawa et al. recently succeeded in construction of HaloTag-glut4 expression vector (pFN21A-rat glut4) and visualizing GLUT4 translocation in L6 myoblasts [17] . We tried to examine whether or not genistein could promote glucose uptake in L6 myoblasts transfected with pFN21A-mock vector or pFN21A-rat glut4 vector (Fig. 2) . Glucose uptake was significantly higher in pFN21A-glut4 vector-transfected cells than in pFN21A-mock vector-transfected ones (mock-genistein-vs. glut4-genistein-), suggesting that Halo-GLUT4 derived from transfected pFN21A-glut4 could operate in glucose uptake. Genistein (50 M) significantly promoted glucose uptake in L6 myoblasts transfected with both the pFN21A-mock and pFN21A-glut4 vectors (mock-genistein-vs. mock-genistein+, glut4-genistein-vs. glut4-genistein+), indicating that genistein could promote glucose uptake even under the condition of GLUT4 over expression. Caveolin-3 is involved in spatial and temporal regulation of GLUT4 translocation to plasma membrane and hence glucose uptake in skeletal muscle cells [18] . Figure 3 (left) shows cellular localization of Halo-GLUT4 protein, Fig. 3 (centre) shows cellular localization of caveolin-3, and Fig. 3 (right) shows their merging. Genistein (50 M) treatment strengthened co-localization of two proteins in the plasma membrane compartment Fig. 1 . An example of glucose uptake assay system employing L6 myotubes and effect of genistein on glucose uptake and GLUT4 translocation to plasma membrane (Originally drawn by taking reference 15 into account). L6 myoblasts were cultured and grown for 11 days to form myotubes in 10% FBS/DMEM. The 11-day-old myotubes were kept for 2 h in KHH buffer, and then they were cultured in KHH buffer containing 11 mM glucose without or with samples for appropriate time intervals. Plasma membrane fractions were obtained by the methods described by Nishiumi and Ashida [16] with slight modifications as described previously [15] , using Na + /K + -ATPase as a marker enzyme of plasma membrane. Cell lysate was prepared from the 11-day-old myotubes, and Western blotting for GLUT4, Na + /K + -ATPase, AMPK, and phospho-AMPK was conducted as described previously [15, 17, 48] . In Fig. 1 , a typical result of Western blotting for GLUT4 is shown. Abbreviations: Ins, insulin; A, AICAR (an AMPK activator).
as shown by yellowish colour (glut4-genistein-vs. glut4-genistein+). These findings based on bioimaging method support the promoting effect of genistein on GLUT4 translocation to plasma membrane that was demonstrated in biochemical analysis [15] .
Polyphenol-rich beverages and cellular glucose transport
An inverse association between coffee intake and diabetes in humans has been reported [19] [20] [21] [22] [23] [24] . Recently, effective coffee components and their modes of actions have been reported. Chlorogenic acid has been reported to stimulate glucose transport in skeletal muscle of db/db mice that lack leptin receptor and in cultured L6 myotubes [25] . In L6 myotubes, chlorogenic acid was reported to phosphorylate Akt as well as AMPK, and these parallel activations in turn increased translocation of GLUT4 to plasma membrane [25] . Since chlorogenic acid is an ester of caffeic and quinic acids, it is interesting to know whether chlorogenic acid and its metabolite, caffeic acid, act directly on skeletal muscle to stimulate AMPK. Caffeic acid, but not chlorogenic acid, has been reported to actually stimulate skeletal muscle AMPK activity and insulinindependent glucose transport with a reduction of the intracellular energy status [26] .
Epigallocatechin gallate (EGCG), a tea catechin, is anti-diabetic [27] . A single oral administration of EGCG at 75 mg/kg body weight promoted GLUT4 translocation in skeletal muscle of rats. EGCG significantly increased glucose uptake accompanying GLUT4 translocation in L6 myotubes at 1 nM. The translocation of GLUT4 was also observed both in skeletal muscle of mice and rats ex vivo and in insulin- resistant L6 myotubes. Therefore, EGCG may improve hyperglycemia by promoting GLUT4 translocation in skeletal muscle with partially different mechanism from insulin. In db/db mice, EGCG improved glucose tolerance [28] . Thus, dietary supplementation with EGCG could potentially contribute to nutritional strategies for the prevention and treatment of T2D [28] . Increased plasma levels of free fatty acids (FFAs) are associated with profound insulin resistance in skeletal muscle and may also play a critical role in the insulin resistance of obesity and T2D. EGCG and epicatechin gallate (ECG) could improve FFAs-induced insulin resistance and attenuated glucose uptake by activating reduced AMPK and other kinases in C 2 C 12 skeletal muscle cells, although curcumin showed the best capacity in attenuating insulin resistance [29] .
Cacao liquor procyanidin (CLPr) extract, which consisted of 4.3% catechin, 6.1% epicatechin, 39.4% procyanidins and others, ameliorated hyperglycemia and obesity in C57BL/6 mice fed a control or highfat diet for 13weeks [30] . CLPr suppressed high-fat diet-induced hyperglycemia, glucose intolerance and fat accumulation in white adipose tissue. CLPr also promoted translocation of GLUT4 and phosphorylation of AMPK␣ in the plasma membrane of skeletal muscle and brown adipose tissue. Phosphorylation of AMPK␣ was also enhanced in the liver and white adipose tissue [30] . Recently, in a human study, it was shown that polyphenol-rich chocolate attenuated hyperglycemia-induced endothelial dysfunction and oxidative stress [31] . As one representative compound of the dihydrochalcone sub-group of polyphenols, aspalathin is only discovered in Rooibos (Aspalathus linearis) which grows exclusively in South Africa. Rooibos contains strong antioxidative substances; in particular aspalathin has higher antioxidative abilities in comparison with other contents [32] . Despite many studies on rooibos and properties of its flavonoids, for example, protective effects against DNA damage [33] , inflammation [34] , cancer promotion [35] , and hyperlipidemia [36] , few studies have been attempted to elucidate their anti-diabetic effect. Kawano et al. have reported that aspalathin itself possesses a potential to promote glucose uptake in L6 myotubes and to suppress rises in fasting blood glucose levels and to improve glucose intolerance in T2D model db/db mice that lack leptin receptor [37] . Aspalathin-enriched green rooibos extract lowered blood glucose levels in streptozotocin (STZ)-induced hyperglycemic rats [38] . Fermented rooibos tea aqueous extract lowered blood glucose levels in diet-induced T2D vervet monkeys [39] . Apalathin has been recently found to suppress the increase in fasting blood glucose levels and improved glucose intolerance in ob/ob mice that lack normal leptin [40] . This polyphenol suppressed the increases in the serum thiobarbituric acid-reactive substances (TBARS), triglyceride (TG) and tumor necrosis factor (TNF)-␣ levels and the hepatic TG level in ob/ob mice, while it prevented the decrease in serum adiponectin level. Measurement of hepatic gene expression related to glucose and lipid metabolism suggested that aspalathin might reduce, at least partly, hepatic gluconeogenesis and lipogenesis in ob/ob mice. Adiponectin is the most widely studied adipokine in the research of metabolic disease, and experimental and clinical studies have shown that adiponectin improves insulin sensitivity [41] . Adiponectin helps to increase glucose uptake and GLUT4 translocation in rat skeletal muscle cells [42] . AMPK has been reported to be activated by adiponectin in skeletal muscle, where it stimulates glucose uptake and fatty acid oxidation, and inhibits the expression of gluconeogenic genes in the liver [3] . In the study using ob/ob mice, serum adiponectin levels were significantly increased by dietary feeding of aspalathin [40] . This result suggests that aspalathin may, at least partly, play a role in the modulation of insulin sensitivity dependently on adiponectin. Aspalathin was found to activate AMPK and hence to promote GLUT4 translocation to plasma membrane of L6 myocytes. However, it did not activate Akt phosphorylation. These results indicate that regulation of GLUT4 translocation and hence glucose uptake by aspalathin is due to activation of AMPK but not due to Akt activation. In addition, aspalathin could protect pancreatic ␤-cells from advanced glycation end products (AGEs)-induced oxidative stress [40] . Rooibos tea's caffeine-free and comparatively low tannin status, combined with its potential health-promoting properties and most notably antioxidative activity, contributed to its popularity and have promoted studies for potential medicine [39] .
Fruit polyphenols and cellular glucose transport
Resveratrol, a stilbene present in grapes and wine, is well known for its health-promoting properties such as anti-cancer [43] [44] [45] , anti-hyperlipidemic [46, 47] and anti-nephritic [47] actions. This stilbene was shown to promote glucose uptake at concentrations 1-100 M in L6 myotubes [48] . Resveratrol activated the phosphorylation of AMPK and Akt, and promoted GLUT4 translocation in L6 myotubes, suggesting that resveratrol stimulated glucose uptake and GLUT4 translocation by activating both insulin signalling and AMPK signalling [48] . As mentioned above, aspalathin did not affect Akt phosphorylation, suggesting that target(s) of action(s) may be different among polyphenols. Moreover, resveratrol could protect pancreatic ␤-cells in vitro from AGEs-induced oxidative stress, and significantly suppressed the elevation in the serum TBARS levels in db/db mice in vivo [48] .
Piceatannol, a resveratrol derivative, has been found to decrease the proliferation and invasion of AH109A hepatoma cells in vitro and ex vivo, and to suppress the growth of solid tumors in the hepatoma-transplanted rats [49] . Recently, piceatannol was found to promote glucose uptake through GLUT4 translocation to plasma membrane in L6 myotubes and HaloTagglut4 expression vector-transfected L6 myoblasts in the absence of insulin through AMPK activation, suggesting this stilbene is capable of overcoming insulin resistance. Further, piceatannol suppressed increases in fasting blood glucose concentrations of db/db mice 2-3 weeks after oral administration at a dose of 50 mg/kg body weight and improved glucose intolerance in db/db mice given the same dose of piceatannol in intraperitoneal glucose tolerance test (IPGTT) [17] .
Increasing evidence implies considerable potential of resveratrol to improve health and prevent chronic diseases, but poor bioavailability and rapid metabolism may limit the use of resveratrol in dietary intervention for these diseases [50, 51] . Resveratrol metabolites such as piceatannol may overcome issues of poor bioavailability and rapid metabolism and may be an alternative to resveratrol for the health benefit [51] .
Tiliroside contained in several dietary plants, such as strawberry and raspberry, is a glycosidic flavonoid. Recently, the administration of tiliroside to obesediabetic KK-Ay mice has been reported to increase plasma adiponectin levels, to up-regulate the messenger RNA expression levels of adiponectin receptors in the liver and skeletal muscles, and to activate AMPK in both the liver and skeletal muscle with a reduction of plasma insulin levels, with a trend towards a reduction of plasma glucose levels and hence a significant reduction of homeostasis model assessment-insulin resistance (HOMA-IR) [52] .
Fermented blueberry juice (BJ) stimulates glucose uptake and AMPK in cultured muscle cells and adipocytes. However, the active principles and their mechanisms of action remain to be identified [53] . Incorporating BJ in drinking water protected young KK-Ay mice against the development of glucose intolerance and diabetes mellitus. The adipokines pathway also seems to be involved because BJ significantly increased adiponectin levels in obese mice [54] .
Shabrova et al. analyzed the effects of dietary supplementation with flavonoids extracted from cranberry (FLS) in normal and obese C57/BL6 mice compared to mice maintained on the same diets lacking FLS [55] . Obese mice supplemented with flavonoids showed an amelioration of insulin resistance and plasma lipid profile, and a reduction of visceral fat mass. They have provided evidence that the adiponectin-AMPK pathway is the main mediator of the improvement of these metabolic disorders. In contrast, the reduced plasma atherogenic cholesterol observed in normal mice under FLS seems to be due to a down regulation of the hepatic cholesterol synthesis pathway [55] .
Polyphenols in condiment and cellular glucose transport
Curcumin is a component present in turmeric. It was reported to activate AMPK and to increase glucose uptake in rat L6 myotubes [56] . Recently, its beneficial effect has been reported in prediabetic humans [57] . A 9-month curcumin intervention (1500 mg/day) in a prediabetic population significantly lowered the number of prediabetic individuals who eventually developed T2D. In addition, the curcumin treatment appeared to improve overall function of ␤-cells, with very minor adverse effects. Therefore, this study demonstrated that the curcumin intervention in a prediabetic population may be beneficial [57] .
Ginger extract [58] and (S)- [8] -gingerol [59] are recently reported to enhance glucose uptake and GLUT4 translocation in L6 myotubes. We have recently demonstrated beneficial effects of [6] gingerol (GIN) [60] ; GIN dose-dependently increased glucose uptake at concentrations of 0-100 M in L6 myotubes and promoted phosphorylation of AMPK, which led to its activation. Judging from co-localization of GLUT4 and caveolin-3, GLUT4 translocation to cellular membrane was enhanced by the addition of GIN. AGEs stimulated reactive oxygen species (ROS) generation in RIN-5F cells, and the treatment of GIN completely abolished the AGEsinduced rise in ROS level in the cells. GIN significantly suppressed the increases in fasting blood glucose levels of db/db mice from 1 week after GIN-feeding and thereafter up to 4 weeks. The expression levels of the key gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase), glycogen synthase (GS), liver glycogen phosphorylase (LGP) were measured. The expression of both PEPCK and G6Pase was significantly decreased in the GIN group as compared with the control group. Moreover, expression of GS tended to increase and glycogen LGP was decreased by GIN feeding. These findings strongly suggest that GIN has a hypoglycemic effect [60] . Ginger is typical condiment in Asia, and traditionally ingested in many countries. Thus, ginger and its components seem to be useful candidates for prevention of T2D.
Cinnamon is widely used in alternative system of medicine for treatment of diabetes, and cinnamaldehyde was identified as an active principle against diabetes [61] . Cinnamaldehyde has been demonstrated to increase glucose uptake through GLUT4 translocation in skeletal muscle of diabetic rats [61] . Aqueous cinnamon extract and cinnamon polyphenol-enhanced food matrix were effective in lowering fasting blood glucose levels in diet-induced obese hyperglycemic mice, and they decreased gene expression of two major regulators of hepatic gluconeogenesis, PEPCK and G6Pase [62] . Use of cinnamon showed a beneficial effect on glycemic control in patients with T2D [63] .
Inhibition of phosphodiesterases and activation of AMPK
As above-mentioned, resveratrol was found to activate AMPK in muscle cells. However, the precise mechanism by which resveratrol activates AMPK remains to be elucidated. In particular, the direct molecular target of resveratrol has been elusive [64] . Park et al. recently show that resveratrol directly inhibits cAMP-dependent phosphodiesterases (PDE) [65] . They have reported that the metabolic effects of resveratrol result from competitive inhibition of cAMP-degrading PDE, leading to elevated cAMP levels. The resulting activation of Epac1, a cAMP effector protein, increases intracellular Ca 2+ levels and activates the CamKK␤-AMPK pathway via phospholipase C and the ryanodine receptor Ca 2+ -release channel. As a consequence, resveratrol increases NAD + and the activity of Sirt1. Inhibiting PDE4 with rolipram reproduces all of the metabolic benefits of resveratrol, including prevention of diet-induced obesity and an increase in mitochondrial function, physical stamina, and glucose tolerance in mice. Therefore, authors suggest that administration of PDE4 inhibitors may also protect against and ameliorate the symptoms of metabolic diseases associated with aging [65] . It is likely that other phytochemicals also activate AMPK by inhibiting PDEs, because many of them have been shown to be PDE inhibitors [66] . Thus, it seems worthy from the aspect of direct target identification to examine whether or not phytochemicals mentioned above could inhibit PDEs (Fig. 4) .
Conclusions
Many recent studies strongly suggest that food components, namely, non-nutrients such as phytochemicals as well as nutrients that promote glucose uptake in cultured L6 and C 2 C 12 myotubes seem to be effective in suppressing increased blood glucose concentrations and in improving glucose intolerance in T2D model mice. Promotion of GLUT4 translocation via AMPK activation seems to be a common mechanism by which such polyphenols enhance glucose uptake in L6 myotubes. Thus, the simple, rapid and low cost assay systems with myotubes in culture are suitable for screening many kinds of anti-diabetic phytochemicals.
There have been discrepancies between in vitro and in vivo studies, mainly in effective concentrations of phytochemicals in culture medium and serum/plasma. Some phytochemicals may be absorbable from gastrointestinal tract as such, enter the blood stream, and show their efficacies, while other phytochemicals may be converted by intestinal microbiota to metabolites with biological activity. In some cases, phytochemicals effective in vitro may be metabolized to ineffective forms by intestinal microbiota or in the liver and peripheral tissues after oral ingestion. Thus, it is not easy to determine effective doses of phytochemicals in vivo from in vitro studies. Dose-response studies in vivo both in animals and humans are essential to ascertain whether the effective phytochemicals found in vitro are useful for preventing or delaying disease onset.
In a final message, it is of interest to acknowledge that recently, nutrients have been shown to possess pharmacological actions in addition to serving their expected nutritional roles. The research field studying nutritional roles and metabolism of nutrients in living organisms is called 'nutritional science', and the research field studying mutual interaction between non-nutrients and living organisms has recently been called 'functional food science'. However, the research field investigating pharmacological aspects of nutrients has not been definitely designated. As mentioned above, nutrients as well as non-nutrients possess various pharmacological actions (=food pharmacology). We have proposed to designate food pharmacology as 'bromacology' [67] ; 'broma' means 'food', andcology' is a suffix that means 'science' like seen in 'pharmacology'. There is a term "MIBYOU" in Japan. MIBYOU originated from a medical book written in China around 2000 years ago. There is no English word corresponding to MIBYOU. MIBYOU is the transient states between health and disease. Thus, we can say that MIBYOU is semi-health and semi-disease states. Phytochemicals and other food components, by themselves or in combination, have a possibility to prevent the progression of MIBYOU to diagnosed diseases, which is the final aim of bromacology.
